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Abstract 
Silicon solar cells are prone to transient effects during fast acquisition of the illuminated IV parameters, as it is 
commonly carried out using industrial cell testers. It is known that the IV curve sweep time and direction have a 
significant impact on the measured fill factor and open circuit voltage. Within this contribution, the hysteresis effect 
on the fill factor and the open circuit voltage are investigated for different types of industrially fabricated silicon solar 
cells. This investigation is carried out on two different, commonly used, flash-based cell testers. 
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1. Introduction 
The accuracy of the measured one-sun illuminated IV parameters is of high economic and 
technological interest. In production environment, flash testers are typically used for the acquisition of the 
one-sun illuminated IV curves, allowing for a high throughput. In addition, a special cooling chuck is not 
needed since only a low amount of power is being introduced into the cell during the measurement. Due 
to the fact that the whole IV curve is swept within a couple of milliseconds, hysteresis effects are known 
to be present, which are especially observable in the fill factor FF and to some degree in the open circuit 
voltage VOC. While the presence of such hysteresis effects are known [1,2] and understood [3,4,5,6], the 
aim of this contribution is to investigate the relevance for the classification of industrially fabricated 
silicon solar cells. 
2. Theory and simulations 
As solar cells exhibit a voltage-dependent capacitance, transient errors are known to occur during fast 
sweep rates during IV measurements, since the charge carrier distribution within the solar cells has to be 
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changed. The capacitance of a solar cell can be described as the sum of the junction capacitance and the 
diffusion capacitance [4]. The junction capacitance is only relevant under reverse and low forward bias. 
In the region of interest for FF and VOC measurements, the diffusion capacitance dominates, which can be 
written as [4]: CDiff = C0 exp(b (q/kT) U), where b is a fitting parameter. The base capacitance C0 can be 
written as C0 = (q/kT) q ni2 L / Ndop, where L is the minority charge carrier diffusion length in the base of 
the solar cell and Ndop the doping concentration of the base. 
If the IV curve during the measurement is swept from short circuit (SC) to open circuit (OC), the 
charge carrier concentration has to be raised, leading to an underestimation of FF and VOC. On the other 
hand, if the measurement is done from OC to SC conditions, the charge carrier concentration has to be 
lowered, leading to an overestimation of FF and VOC. As can be concluded from the above equations, 
transient errors should be more prone for cells with a high open circuit voltage and a low base doping. 
These characteristics can also be simulated using the one-dimensional semiconductor device simulator 
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Fig. 1: Simulated fill factor and open circuit voltage for three different types of silicon solar cells. The one-
dimensional semiconductor device simulator PC1D was used for the simulations. On the left hand side inside the 
plots the sweep direction is from SC -> OC, on the right hand side inside the plots from OC -> SC. 
In Fig. 1 the simulated transient effect can be seen for different IV curve sweep times and directions. 
As expected, the fill factor and open circuit voltage are higher the faster the sweep rate is for the 
OC -> SC direction, and are lower the faster the sweep rate is for the SC -> OC direction is. The amount 
of curve splitting depends also on the type of investigated cell. 
3. Measurement setup and samples 
For the in-depth investigation of the transient errors under industrial measurement conditions, different 
cell testers and cell types were investigated. Two automated cell testers were used: System A allows for a 
maximum measurement time of 54 ms. This system was mainly used for investigation of sweep rate 
variations. In addition, system B was used, which allows for a maximum measurement time of 5.5 ms. In 
contrast to System A, which uses a linear voltage ramp during the sweep, System B used a non-linear 
ramp, where the voltage ramp is smaller for higher voltages. Please note that the aim of this work is not to 
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investigate the different flash testers and their respective parameters in detail, but the comparison of 
measurement artifacts of different cell types with typical industrially available equipment. 
In order to have reliable statistical data, groups of different cell types were measured under various 
conditions. All investigated cells were 156 x 156 cm2 pseudo-square Cz silicon solar cells with a three 
busbar grid layout. The cell types investigated within this contribution are: 
x Standard p-type Al-BSF cells (groups A1 and A2 (different power classes), 25 cells per group) 
x Improved p-type Al-BSF cells (group B1, 21 cells) 
x p-type PERC (cells (group C1, 14 cells) 




Fig. 2: Box plots of the measured fill factor for the different cell groups. The sweep time and sweep direction were 
varied. The data are normalized to the median of the 54 ms SC -> OC measurement. All measurements were 
performed with system A. Please note the different scaling of the single graphs. 
4. Measurement results 
4.1. Varying sweep rate and sweep direction: effect on the fill factor 
Using the flasher system A, all cells were measured six times, for sweep times of 5 ms, 23 ms and 
54 ms and for both SC -> OC and OC -> SC direction.  
As expected, the short circuit current was not affected by these variations; hence these graphs are not 
shown in the following. Fig. 2 shows the resulting box plots for the variations in the fill factor. Please note 
that all data are normalized to the median of the 54 ms SC -> OC measurement for an easy data 
comparison. 
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For the standard BSF cells (groups A1 and A2), the measured fill factor keeps almost constant when 
using different sweep times and measurement modes. A clear trend can not be seen due to the strong 
scattered data. Within the data of the advanced Al-BSF cells (group B1) and the PERC-type cells (group 
C1), a clear trend can be observed. The fill factor measured by using short sweeps are underestimated 
when sweeping from SC to OC and overestimated measuring the other way around. For the n-type solar 
cells (groups D1 and D2), the fill factor splitting increases for faster sweep rates, although the magnitude 
of the splitting varies drastically. 
The data show that for most cell types, a 54 ms or even a 23 ms sweep time is sufficient in order to 
limit the transient error to less than 0.5 %. By averaging the OC -> SC and the SC -> OC fill factor, the 
‘true’ fill factor should be approximated quite well. However, the n-type cells of groups D1 and D2, 
which were made of high-resistivity material, show a very dramatic dependence on the measurement 
sweep rate. How well the ‘true’ fill factor of a true steady-state measurement is approximated for 
averaging the OC -> SC and the SC -> OC fill factor is yet to be investigated. 
 
   
   
Fig. 3: Box plots of the measured open circuit voltage for the different cell groups. The sweep time and sweep 
direction were varied. The data are normalized to the median of the 54 ms SC -> OC measurement. All measurements 
were performed with system A. Please note the different scaling of the single graphs. 
4.2. Varying sweep rate and sweep direction: effect on the open circuit voltage 
The box plots of the normalized open circuit voltage for the different cell groups and measurement 
conditions are shown in Fig. 3. Please note that all data are normalized to the median of the 54 ms 
SC -> OC measurement for an easy data comparison. Note also that the broadening of the measured data 
for the 5 ms SC -> OC data may be related to the open circuit voltage not being reached with the used 
voltage sweep parameters. Leaving out these debatable data, we can see that for all groups, the open 
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circuit voltage splitting increases with increasing sweep rate. However, the direction of the splitting, 
namely the open circuit voltage being higher for the SC -> OC direction, is contrary to the findings from 
theory and simulations, from which a significant higher open circuit voltage for the OC -> SC direction is 
expected. The next section will show that these experimental findings are not dependent on the cell tester 
being used. Indeed, these findings were repeatable on all measurement systems. 
The amount of the transient error for the open circuit voltage is less than 1 mV for all measurement 
parameters, independent of the cell type, making the transient error for the open circuit voltage less severe 




Fig. 4: Comparison of the two different measurement systems A and B. Due to some measurement problems with 
system B, it was only possible to include groups A1, A2, and B1 (A2 not shown here). For both systems, the longest 
available sweep times were used for the comparison. 
4.3. Comparison of different cell testers 
In Fig. 4 the influence of the sweep direction is shown for the different flasher systems A and B. For 
both systems, the longest available sweep times were used for the comparison. The absolute values for the 
measured fill factor are different for the two systems, as they possess different contacting layouts. In a 
pre-examination, it was found that the contacting scheme itself has no influence on the amount of curve 
splitting between different sweep directions. The influence of the contacting layout on the measured fill 
factor is covered by [8]. 
Please note that it was not possible to measure the advanced cell concepts (groups C1, D1, and D2) 
with the system B in the OC -> SC direction. Also for the groups A1, A2, and B1, the short circuit current 
had some severe outliers, indicating that there are indeed some problems. 
The splitting of the fill factor is more severe for system B, since the IV curve sweep time is much 
shorter than for system A. However, the finding from the previous section, the fill factor being lower for 
the SC -> OC direction, is also true for systems B, in accordance with theory.  
For the open circuit voltage, the finding from system A with the open circuit voltage being lower for 
the OC -> SC direction (for all investigated cell groups), is also found (with even a larger splitting) for 
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system B. This shows that this contradiction to theory is not being related to the measurement system. 
The reason for this behaviour is unknown at the moment. One possible explanation could be that the 
material and/or passivation quality change during the illumination of the cell, so that the actual measured 
open circuit voltage depends not only on the sweep direction, but also on the illumination history. 
However, this would mean that all cell types, both p- and n-type, would be affected by similar 
mechanisms. Further analysis will be carried out in the future in order to investigate this effect in more 
detail. 
While the measurement sweep time and direction has a negligible influence on the short circuit current 
for measurement system A, this is not the case for system B. For this system, the short circuit current for 
the OC -> SC sweep direction is significantly lower. In addition, there are some extreme outliers for the 
OC -> SC sweep direction, which worsen the better the cells are. As mentioned earlier, it was not possible 
to measure cells of groups C1, D1, and D2 in the OC -> SC sweep direction with system B. 
5. Conclusion 
Within this contribution, the influence of transient effects on the accuracy of inline IV measurements 
was investigated. Four different cell types were analyzed under varying measurement conditions using 
two different in-line IV measurement systems. 
The most affected parameter is the fill factor, being underestimated for an IV curve SC -> OC sweep 
direction, and overestimated for a OC -> SC sweep direction. The exact magnitude of the error depends 
both, on the sweep rate and the cell type. For some measurements, the fill factor distribution was wider 
for the OC -> SC direction for identical sweep rates. The open circuit voltage was slightly affected by the 
sweep rate and sweep direction. However, the observed trend, lower open circuit voltages for the 
OC -> SC sweep direction, are in disagreement with theory and simulations, indicating additional effects 
such as light soaking during measurement. The short circuit current was not influenced at all for the 
investigated measurement system A. However, for system B a dependence of the sweep direction was 
significant. 
In order to allow for a reliable measurement of the one-sun IV curve under industrial conditions, our 
findings suggest a low sweep rate with sweep direction from SC -> OC. To compare different types of 
cells, absolute values for the IV parameters are important, necessitating an in-depth analysis of the sweep 
rate and direction influence on the different IV curve parameters, as done in this contribution. Under this 
aspect, flash plateau times longer than 54 ms are desirable, minimizing the transient effects. 
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